Background: Species living at high altitude are subject to strong selective pressures due to inhospitable environments (e.g., hypoxia, low temperature, high solar radiation, and lack of biological production), making these species valuable models for comparative analyses of local adaptation. Studies that examined high-altitude
The additional work performed to answer my reviewer comments is very good and shows interesting results. I don't have further major concerns, other than fixing the data availability issue above. Response 2-2 Thank you for your positive comments.
Comment 2-3
The authors could consider revising Figure 4b and 4d, which are quite complex and difficult to see the relationships of all datasets to each other. The use of different color lines was not explained, and I tried to see why these were used, but was unable to see the logic. Response 2-3 Thank you for your valuable suggestion. In Fig. 4b and 4d, the vertical leading lines with different colors from the plotted points dropping to the xy-plane serve to improve the demonstration of group separation by tissue based on the first and second principal components. We added the explanation of the dropping vertical lines to the legends of Fig. 4b and 4d, "The vertical leading lines with different colors from the plotted points dropping to the xy-plane show the separation of points based on the first and second principal components". To further promote the clarity of depiction for the principal component analysis (PCA) results, we added the two-dimensional PCA figures as the Supplementary Figs. S14-15 (accessible from Response_sup.pdf at: https://www.dropbox.com/s/sivc1djpvqzty2s/Response_sup.pdf?dl=0)
Reviewer 2:
Comment 3-1 Thank you for addressing the previous points raised during the first reviewing stage. I believe that most points have been addressed in an appropriate way, and once again I thank you for your work and the data generated. Response 3-1 Thank you for your positive comments. Background: Species living at high altitude are subject to strong selective 27 pressures due to inhospitable environments (e.g., hypoxia, low temperature, 28 high solar radiation, and lack of biological production), making these species 29 valuable models for comparative analyses of local adaptation. Studies that 30 examined high-altitude adaptation identified a vast array of rapidly evolving 31 genes that characterize the dramatic phenotypic changes in high-altitude 32 animals. However, how high-altitude environment shapes gene expression 33 programs remains largely unknown. 34
Findings:
We generated a total of 910 Gb high-quality RNA-seq data for 180 35 samples derived from six tissues of five agriculturally important high-altitude 36 vertebrates (Tibetan chicken, Tibetan pig, Tibetan sheep, Tibetan goat and yak), 37
and their cross-fertile relatives living in geographically neighboring low-altitude 38 regions. Of these, ~75% reads could be aligned to their respective reference 39 genomes, and on average ~60% of annotated protein coding genes in each 40 organism showed FPKM expression values greater than 0.5. We observed a 41 general concordance in topological relationships between the nucleotide 42 alignments and gene expression-based trees. Tissue and species accounted 43 for markedly more variance than altitude based on either the expression or the 44 alternative splicing patterns. Cross-species clustering analyses showed a 45 tissue-dominated pattern of gene expression, and a species-dominated pattern 46 for alternative splicing. We also identified numerous differentially expressed 47 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43 
Data description 56

Transcriptome sequencing 57
Six tissues (heart, kidney, liver, lung, skeletal muscle and spleen) of three 58 unrelated adult females for each of five high-altitude vertebrates and their low-59 altitude relatives were sampled (Fig. 1a and Supplementary Fig. S1 
Data analysis 84
Data filtering 85
To avoid reads with artificial bias, we removed the following type of reads: (a) 86
Reads with ≥ 10% unidentified nucleotides (N);(b) Reads with > 10 nt aligned 87 to the adapter, allowing ≤ 10% mismatches; (c) Reads with > 50% bases having 88 phred quality < 5. 89
Identification of single-copy orthologous genes 90
Single-copy orthologous genes across five reference genomes, i.e. chicken 91 
Construction of phylogenetic tree based on nucleotide alignments 96
High-quality re-sequencing data were mapped to their respective reference 97   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 genomes using BWA software, version 0.7.7 (BWA, RRID:SCR_010910) [10] , 98 reads with mapping quality > 0 were retained and potential PCR duplication 99 cases were removed. For each individual, ~97.01% of reads were mapped to 100 ~97.40% (at least 1 × depth coverage) or ~91.86% (at least 4 × depth coverage) 101 of the reference genome assemblies (Supplementary Table S2) . 102
Single nucleotide variations (SNVs) and insertion and deletions (InDels) were 103 further detected by following GATK's best practice, version 3.3-0 (GATK, 104 RRID:SCR_001876) [11] . We substituted SNVs and InDels identified in our 105 study in the coding DNA sequences (CDS) of the respective reference 106 genomes. Single copy orthologues with substituted CDS of the five vertebrates 107 were applied to Treebest [12] and generating the neighbor-joining tree (Fig. 1b) . 108
Analyses of gene expression 109
High-quality RNA-seq reads were mapped to their respective reference 110 genomes using Tophat version 2.0.11 (TopHat, RRID:SCR_013035) [13] . 111 Cufflinks version 2.2.1 (Cufflinks, RRID:SCR_014597) [14] was applied to 112 quantify gene expression and obtain FPKM expression values. We generated 113 abundance files by applying Cuffquant (part of Cufflinks) to read mapping 114 results. Log2-transformed values of (FPKM + 1) for genes with >0.5 FPKM in 115 over 80% of the samples were used for subsequent analyses. 116
Pearson's correlations were calculated across six samples from low-and 117 high-altitudes populations within each group of specific tissue and animals; 118 among pairwise comparisons of five animals within each of the six tissues; and 119 among pairwise comparisons of six tissues within each of the five animals. 120
Principal Variance Component Analysis (PVCA) was carried out using R 121 package pvca [15] . Neighbor-joining expression-based trees were generated 122   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 according to distance matrices composed of pairwise (1-Spearman's 123 correlations) implemented in the R package ape [16] . Reproducibility of 124 branching patterns was estimated by bootstrapping genes, that is, the single 125 copy orthologues were randomly sampled with replacement 100 times. The 126 fractions of replicate trees that share the branching patterns of the original tree 127 constructed were marked by distinct node colors in the figure. 128 
Analyses of alternative splicing 140
Single-copy orthologous exons were identified by finding annotated exons that 141 overlapped with the query exonic region in a multiple alignment of 99 vertebrate 142 genomes including human genome (hg38) from the UCSC genome browser 143
[18]. Exon groups with multiple overlapping exons in any species were 144 excluded. Each internal exon in every annotated transcript was taken as an 145   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 "cassette" exon. Each "cassett" alternative splicing (AS) is composed of three 146 exons: C1, A and C2, where A is alternative exon, C1 the 5' alternative exon, 147 C2 the 3' alternative exon. For each species and read length k, we generated 148 all non-redundant constitutive and alternative junction sequences for the 149 following RNA-seq alignments. The junction sequences were constructed by 150 retrieving k-8 bp from each of the two exons making up the junction, and when 151 the exon length is smaller than k-8, the whole sequence of the exon is retrieved. 152
This ensures that there is at least 8 bp overlap between the mapped reads and 153 each of the two junction exons. 154
We then estimated the effective number of uniquely mappable positions of 155 the junctions. We extracted L-k+1 (L being the junction length) k-mers from 156 each junction and mapped such k-mers back to the reference genome allowing 157 up to two mismatches. Those k-mers that failed to align were further mapped 158 to the non-redundant junctions. The number of k-mers that could uniquely align 159 to a junction was counted and deemed as the effective number of uniquely 160 mappable positions for the junction. 161
For each sample, RNA-seq reads were first aligned to the reference genome 162 allowing up to two mismatches, and the unaligned reads were further mapped 163 to the non-redundant junctions. Uniquely mapped reads for each junction were 164 counted, and multiplied by the ratio between the maximum number of mappable 165 positions (i.e. k-15) to the effective number of uniquely mappable positions for 166 the junction. 167
The "percent-spliced in" (PSI) values for each internal exon was defined as 168 PSI = 100 × average (#C1A, #AC2) / (#C1C2 + average(#C1A, #AC2)), here 169 #C1A, #AC2 and #C1C2 are the normalized read counts for the associated 170   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 junctions. Exons were taken as alternative in a sample if 5≤PSI≤95. We also 171 defined "high-confidence" PSI levels as those that meet the following criteria: 172 
Data summary 182
We generated a total of ~909.6 Gb high-quality RNA-seq data, of which ~676.6 183 Gb (~74.6%) reads could reliably aligned to their respective reference genomes 184 Fig. S3 and Table S1 ). We found that on average 61.2% 185 annotated protein coding genes in each genome had FPKM expression values 186 greater than 0.5 ( Supplementary Fig. S4 and Table S3) . 187
(Supplementary
Concordance in the tree topology based on nucleotide sequence 188 alignments and gene expression data 189
Nucleotide alignments-based phylogenetic relationships of these high-altitude 190 vertebrates and their low-altitude relatives matched the established 191 morphological species groupings and the known history of population formation 192 (Fig. 1b) . The gene expression-based tree based 4,746 transcribed single-copy 193 orthologous genes (66.61% of 7125) for each tissue showed a highly consistent 194   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 topology to the nucleotide sequence alignment-based phylogeny (Fig. 2,  195 (Fig. 3a and Supplementary Fig. S5 ). By contrast, for 214 alternative splicing, the differences among species (Pearson's r = 0.64 and 215 weighted average proportion variance = 0.30) were higher than among tissues 216 (Pearson's r = 0.78 and weighted average proportion variance = 0.075), 217
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followed by between high-and low-altitude animals (Pearson's r = 0.84 and 218 weighted average proportion variance = 0.021) (Fig. 3b and prominence of species-dominated clustering of alternative splicing suggested 228 that exon splicing is more often affected by species-specific changes in cis-229 regulatory elements and/or trans-acting factors than gene expression [20, 21] . 230
Notably, tissue-dominated clustering patterns of gene expression further 231
revealed that the cluster of striated muscle (heart and skeletal muscle) and the 232 cluster of vessel-rich tissues (lung and spleen) were closer to each other than 233 the cluster of metabolic tissues (kidney and liver), followed by the distinct 234 clusters of bird (chicken) and mammals according to the evolutionary distance 235 (Figs. 4a and 4b) . Notably, tissues of birds (chickens) formed a distinct cluster, 236 rather than with their mammalian counterparts, which indicates that divergence 237 in gene expression among these species started to surpass that between 238 different tissues around when birds diverged from mammals (approximately 239 300 million years ago) (Figs. 4a and 4b) . 240
Gene expression plasticity to a high-altitude environment 241
To exclude the impact of prominence of tissues-dominated clustering of gene 242 expression, so as to comprehensively present transcriptomic differences 243   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Expectedly, the more closely related vertebrates (Fig. 1) (Supplementary Fig. S11 ). We also identified significantly enriched 260 functional gene categories of DE genes (Chi-square test or Fisher's exact test, 261 P<1.03 × 10 -4 ), which were shared among multiple pairwise comparisons 262 (Supplementary Figs. S12-13 and Additional File 4), that were potentially 263 related to the dramatic phenotypic changes shaped by high-altitude adaptation, 264 such as response to hypoxia (typically, 'oxidation reduction', 'heme binding', 265 'oxygen binding' , 'oxygen transport' and 'oxygen transporter activity'), 266 cardiovascular system ('angiogenesis' and 'positive regulation of 267 angiogenesis'), the efficiency of biomass production in the resource-poor 268   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 highland ('metabolic pathways', 'cholesterol biosynthetic process' and 'steroid 269 metabolic process') as well as immune response ('responses of immune and 270 defense') (Additional file 2). 271
Conclusions 272
High-altitude adaptive evolution of transcription, and the convergence and 273 divergence of transcriptional alteration across species in response to high-274 altitude environments, is an important topic of broad interest to the general 275 biology community. Here we provide a comprehensive comparative 276 transcriptome landscape of expression and alternative splicing variation 277 between low-and high-altitude populations across multiple species for distinct 278 tissues. Our data serves a valuable resource for further study on gene 279 regulatory changes to adaptive evolution of complex phenotypes. 280
Availability of supporting data 281
The RNA-seq data for 180 samples was deposited in the NCBI Gene 282 Expression Omnibus (GEO) under accession numbers GSE93855, GSE77020 283 (Note: GSM1617847-GSM1617849 and GSM2042608-GSM2042610 are 284 duplicates and represent the same samples) and GSE66242 (Note: 9 goat 285 samples derived from individuals sampled at 2000m altitude were not included 286 in this study). The re-sequencing data for 7 individuals was deposited in the 287 NCBI-sequence read archive (SRA) under accession number SRP096151. 288
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suffering. 302
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